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CPCAbstract A simple, rapid, highly accurate and sensitive kinetic method is proposed for determining
chromium(VI). The method is based on its catalytic effect on the oxidation of Celestine blue (CB+)
by H2O2 in the presence of 2,2
0-bipyridyl (Bipyr) and cetylpyridinium chloride (CPC) at pH 6.50.
The reaction was monitored spectrophotometrically by measuring the absorbance of indicator
dye at 645 nm. The analytical variables, which have inﬂuences on the sensitivity, were investigated
and the optimum conditions were established. The optimized conditions made it possible to deter-
mine and speciate chromium in a linear range of 5–200 lg L1 with a detection limit of 0.65 lg L1.
The recoveries and relative standard deviations (RSDs) for the determination of 10, 25, 75 and
150 lg L1 Cr(VI) (n: 5) were in the range of 99.0–99.8% and 0.2–3.5%, respectively. The selectivity
was also studied and greatly enhanced by adding a suitable masking mixture. The method was suc-
cessfully applied to the simultaneous analysis of Cr(III) and Cr(VI) in natural water and waste
water samples with a recovery changing in the range of 95–103% for Cr(III) and 100–104% for
Cr(VI). Its accuracy was validated by the analysis of certiﬁed reference materials with good agree-
ment between certiﬁed and found values.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Metal speciation is usually important in view of studying the
behavior of metal ions in the environment. In the case of chro-
mium, the common oxidation states in natural water are
Cr(III) and Cr(VI). In spite of Cr(III) not being a signiﬁcant
groundwater contaminant, Cr(VI) is considered to be a human
harmful agent (American Water Works Association, 1990;
Carry 1982; Forstner and Wittmann, 1983; Nriagu and
Nieboer, 1988). Unfortunately, high effective techniques, like
graphite furnace atomic absorption spectrometry (GF-AAS)
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(ICP-AES) only yield the total concentration. Thus, pretreat-
ment techniques such as extraction methods have been used
for the separation of chromium species in such determinations
(Liang and Sang, 2008; Sumida et al., 2006; Sun and Liang,
2008; Liu et al., 2005; Stasinakis et al., 2003; Hosseini and
Rzaei-Sarab, 2007). In the last decade, there has been a rapidly
increasing demand for fast and reliable analytical methods,
which make available the direct determination of chromium
species at trace levels in environmental samples. Hence, analyt-
ical techniques, including voltammetry (Grabarczyk et al.,
2007; Safavi et al., 2006), chromatography (Arancibia et al.,
2003; Castillo et al., 2007), spectrophotometry (Scancar
et al., 2007; Singer and Aldstadt, 2003; Cui et al., 2006;
Kaneko et al., 2002; Ghaedi et al., 2006) and spectroﬂuorom-
etry (Paleologos, 1998; Paleologos et al., 2001; Hassan et al.,
2005) have been successfully developed for determinations in
different sample matrices. Among them, the last two tech-
niques utilizing Cr(VI)-selective methods are of particular
interest because of their simplicity and fast handling. These
determinations are frequently based on the reaction of organic
compounds with Cr(VI). Frequently, an ion-associate is
formed containing an organic reagent and Cr(VI) ions. These
methods have the disadvantage of high blank values. Another
important method, which has been reported for the determina-
tion of Cr(VI) is based on absorbance decreasing or lumines-
cence quenching (Revanasiddappa and Kiran Kumar, 2001;
Wang et al., 2004a,b; Tang et al., 2004). In these methods, a
sensitive organic reagent is generally reacted with Cr(VI) in
the presence of Cr(III) species. It should be considered that
analytical feature of these methods is strongly relevant to the
structural characteristics of the organic reagent. Evidently,
the applications of each one of these reagents for the determi-
nation present some advantages and suffer from several limita-
tions; however, the general performance in these progresses is
the development of a series of viewpoints, including high sen-
sitivity and selectivity, more simplicity and fast, better detect-
ability and applicability to environmental samples of interest.
Catalytic kinetic methods are based on chemical reactions
where the rate is inﬂuenced by the reaction conditions. These
methods have the advantages of high sensitivity, extremely
low detection limit, good selectivity, rapid analysis rate, and
inexpensive instruments. One of the most effective ways of
improving the analytical features of catalytic reactions is the
use of activators in kinetic analysis (Perez-Bendito and Silva,
1988). The use of an activator in the catalyzed reactions is usu-
ally intended to increase sensitivity and hence lower the detec-
tion limit for the catalyst, and to improve the selectivity and
precision of the determination. Another way of improving
the analytical features of kinetic methods is the use of organic
microheterogeneous system surfactants. In the last two dec-
ades surfactant molecules and their aggregates above or
around critical micelle concentration (CMC) have been used
increasingly in analytical techniques in order to alter the prop-
erties, including the reactivity, of the analytes as well as anal-
ysis time and sampling rate, (Carreto et al., 1990; Loreto-
Lunar et al., 1997; Morales et al., 1997; Gonzalez et al.,
1993; Esteve-Romero et al., 1995; Lopez-Carreto et al.,
1996). In this context, the kinetic methods used for simulta-
neous determination of the species available in a wide range
of samples either alone or alongside each other have recently
opened a new research ﬁeld in analytical chemistry. As it doesnot require expensive devices its use is easy. So it shows a quick
development in solving trace analysis and microanalysis prob-
lems. Although there are many catalytic-kinetic methods re-
ported in the literature for the determination of Cr(VI) (Li
and Liu, 2006; Reis et al., 1998; He and Wang, 1999; Ashraf
et al., 2001; Perez-Benito and Arias, 1997; Cesar et al., 1999;
Liu and Zhang, 1994; Mohamed et al., 2006; Chen and Huang,
2003; Bi, 2001; Ma and Yang, 1999; He and Wang, 2000; Yu
et al., 2005; Wu et al., 1999; Wei et al., 2006); a researcher
using CB+ as indicator to determine trace amounts of Cr(VI)
does not exist. Therefore, the main purpose of this study is to
use a simple, sensitive, rapid and cost effective kinetic method
based on CB+ for the speciative determination of chromium
species present in natural waters.
In the present work, the Cr(VI)-catalyzed reaction of CB+
with H2O2 in the presence of Bipyr as activator and CPC as
sensitivity enhancement at pH 6.50 was investigated at the ﬁrst
step. In the light of the requirements for the search of an eco-
friendly, simple, fast and inexpensive technique for simulta-
neous determination of individual chromium species, Cr(III),
Cr(VI) and total Cr, application of the reaction for the specia-
tive determination of the chromium content of natural water
samples was then studied, namely, spectrophotometry. The
various analytical parameters, which affect the analytical per-
formance, have been evaluated for this purpose.
2. Experimental
2.1. Instrumentation
Absorbance measurements at 645 nm were made on a double
beam UV–Visible Spectrophotometer (Shimadzu UV-1800
PC, Kyoto, Japan) equipped with the 1.0-cm quartz cells. An
external thermostatic water bath (BM-302Nu¨ve) was connected
to this device at constant temperature. Eppendorf vary-pipettes
(10–100 and 200–1000 mL) were used to deliver accurate vol-
umes. A pH meter (pH-2005 model) was used for pH measure-
ments. A stopwatch to record the reaction time was used.
2.2. Standard solutions and reagents
A stock standard solution of 1000 mg L1 Cr(VI) was prepared
from potassium bichromate (Fluka). Working solutions were
prepared daily by appropriate dilution with 0.01 mol L1 HCl.
A stock standard solution of 1000 mg L1 Cr(III) was prepared
from chromium(III) chloride hexahydrate (Merck). Working
solutions were prepared daily by appropriate dilution with bidis-
tilled water. A 1.0 · 103 mol L1 aqueous solution of CB+was
also prepared daily (Sigma). A 1.0 mol L1 aqueous solution of
hydrogen peroxide was prepared from 35% hydrogen peroxide
(d: 1.15 g mL1) (Merck). The solution was standardized
against the standard KMnO4 solution to check its concentration
when necessary. The pH of reactionmediumwas buffered with a
buffer solution of 0.25 mol L1, prepared by dissolving 4.0 g of
hexamethylenetetramine (HMTA) (Merck) in 1 mL of concen-
trated HCl and brought to a pH of 6.50 using appropriate vol-
umes of 0.2 mol L1 solutions of NaOH or HCl. DTPA
masking solution (Merck) (5.0 · 103 mol L1 containing
0.01 mol L1 CaCl2 and 0.1 mol L
1 TEA) was prepared by
adjusting to a pH of 7.5 with diluted HCl (1:1, v/v) after
dissolution of solids. Bipyr solution of 6.4 · 103 mol L1 was
OH2N
Figure 1 Absorption spectra: 1––pH 6.5 HMTA buffer – CB+–
CPC (against water), 2––pH 6.5 HMTA buffer – CB+–CPC–H2O2
(against water), 3––pH 6.5 HMTA buffer – CB+–CPC–Bipyr–
H2O2 (against water), 4––pH 6.5 HMTA buffer – CB
+–CPC–
Bipyr-–0 lg L1 Cr(VI)–H2O2 (against water), 5––pH 6.5 HMTA
buffer – CB+–CPC–Bipyr–100 lg L1 Cr(VI)–H2O2 (against
water), 6––pH 6.5 HMTA buffer – CB+–CPC–Bipyr–150 lg L1
Cr(VI)–H2O2 (against water) and 7––pH 6.5 HMTA buffer
– CB+–CPC–Bipyr–200 lg L1 Cr(VI)–H2O2 (against water)
under the selected experimental conditions: 0.8 mL pH 6.5 HMTA
buffer, 0.3 mL of 1.0 · 103M CB+, 0.5 mL of 1.0% (w/v) CPC,
0.6 mL of 6.4 · 103 M Bipyr and 0.7 mL of 1.0 M H2O2 for the
ﬁxed-time method of 5 min and 20 C in a ﬁnal volume of
10.0 mL.
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anol and water. All surfactant solutions of 1.0% (w/v or v/v)
were prepared by dissolving a suitable portion of solid or liquid
reagent (Sigma) in water and thoroughly homogenizing under
ultrasonic effect when necessary.
2.3. The proposed kinetic procedure
The reaction rate was spectrophotometrically monitored by
measuring the absorbance change of reaction mixture using
the ﬁxed-time approach of the ﬁrst 0.5–5 min from the initia-
tion of reaction at 645 nm. A speciﬁc portion of a sample solu-
tion containing Cr(VI) in the range of 5–200 lg L1 is added to
a calibrated ﬂask of 10 mL. Then 0.8 mL buffer solution
(0.25 M, pH: 6.5), 0.3 mL of 1.0 · 103 M CB+, 0.6 mL of
6.4 · 103 M Bipyr, and 0.15 mL of 1.0% (w/v) CPC were
added. The mixture was diluted to approximately 9 mL with
water. After that, 0.8 mL of 1.0 MH2O2 was added to this mix-
ture and was diluted to the mark with water and thoroughly
mixed. Within the ﬁrst 5 min after the initiation of the reaction,
samples were transferred to 1.0-cm quartz cell. The change in
absorbance (DAs) was spectrophotometrically measured at
645 nm. Time was measured immediately after the addition of
H2O2 drops. In order to obtain the absorbance value for the
uncatalyzed-reaction (DAb), a blank solution was prepared in
the absence of Cr(VI). Net reaction rate was calculated from
the difference in the absorbance change (D(DA)): DAs  DAb)
for the ﬁxed time of 5 min. All reagents before the absorbance
measurement were taken to preheat in a thermostatic water
bath at 20 ± 0.2 C for 30 min. The Cr(VI) and total Cr con-
tents of the unknown sample were determined and speciated
through calibration and standard addition curves before and
after a pre-oxidation of the binary mixture containing Cr(VI)
and Cr(III) ions with the standard of H2O2 solution.
2.4. The oxidation of Cr(III) to Cr(VI) and determination of
total Cr
Oxidation of Cr(III) to Cr(VI) has been performed by using the
procedure given in the literature (Demirata 2001; Andersen
1998; Narin et al. 2002). After adjustment of the pH of the solu-
tion to pH 10, 10 mL of 3% (w/w) H2O2 was added. The
amounts of Cr(III) in this solution were kept constant at any va-
lue in the linear range of 5–200 lg L1. The solution was heated
at 80 C for 40 min. Then the solution was boiled for 10 min in
order to remove any excess of H2O2. Then, the above mentioned
kinetic procedure was applied to this solution. Chromium was
spectrophotometrically determined by using the present method
at 645 nm. After oxidation of Cr(III) to Cr(VI) by using H2O2 in
alkaline media, the method was applied to the determination of
the total Cr. The level of Cr(III) is calculated by the difference of
total Cr and Cr(VI) concentrations.O
N
HO
OH
C
N+
CH3
CH3
Scheme 1 The open molecular structure of Celestine Blue (CB+
or H2In
+Cl).3. Results and discussion
3.1. Absorption spectra and possible catalytic reaction
mechanism
The absorption spectra of the catalytic and noncatalytic sys-
tems against water in the range of 400–750 nm were recorded.Fig. 1 shows the absorption spectra of solutions according to
the general procedure. The results suggest that the absorbance
values of different systems reach their maximum at 645 nm
while a weak absorption peak is observed at 530 nm in the
presence of CPC and Bipyr without catalyst. The decolorizing
oxidation of CB+ with H2O2 at pH 6.5 is very slow. Fig. 1
indicates that the oxidation of CB+ by H2O2 is clearly cata-
lyzed in the presence of trace amounts of Cr(VI). The acceler-
ation effect was greater when Bipyr was present in the system.
The net absorbance difference, D(DA) has a linear relationship
with Cr(VI) concentration within a prescribed range. There-
fore, trace amounts of Cr(VI) can selectively be determined
at 645 nm by using spectrophotometry throughout our
study.
In this study, CB+ was used as chromogenic agent with
reducing character, especially due to its oxazine group contain-
ing hetero-nitrogen and oxygen atoms and metal binding con-
jugate hydroxyl groups, H2O2 as the oxidant, Cr(VI) as the
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indicator dye containing a reducing group, oxazine and pheno-
lic –OH group that can participate in pH-dependent electron
transfer reactions at pH 6.50. It can be seen from Scheme 1
that the aromatic ring in CB+ carries –OH, –N(CH3)2 and
an amidic group, which can catalytically be hydrolyzed in
acidic and basic media, and has the potential of being a chelat-
ing agent. The reagent not only has a strong complex ability
and forms various water soluble complexes with metal ions,
but also the oxazine group itself can produce color. When
the ligand is oxidized or reduced, the oxazine group is de-
stroyed, which results in the slow loss of solution color, or even
colorless. It is found in this study that at pH 6.50, trace levels
of Cr(VI) catalyzes the decolorizing reaction of CB+ oxidized
by H2O2 and based on this principle a novel kinetic method for
the determination of trace amounts of chromium was devel-
oped. The developed method is characterized by high sensitiv-
ity, operation simplicity, and low analytical cost. Based on the
principle of catalytic reaction (Bontchev, 1970) authors pro-
pose the catalytic reaction mechanism as follows:2H2In
þ þH2O22H2 !Slow;pH:6:50 2H2InOþH2Oþ 2Hþ ð1Þ
2H2In
þ þH2O22H2 !Fast;pH:6:50;CrðVIÞ 2H2InOþH2Oþ 2Hþ ð2Þ
2H2In
þ þH2O22H2 !Very Fast;pH:6:50;CrðVIÞin presence of 2;2
0bipyridyl andCPC
InOþH2Oþ 2Hþ ð3Þ
½CBþ  CrðVIÞ H2O2 ! degradation productsþ CrðVÞ
or½CBþ  CrðVIÞ  2; 20  bipyridyl CPCþ
! degradation productsþ CrðVÞ
ð4Þ
2CrðVÞ þH2O2 ! ½unstableCrðVÞperoxocomplex formation
! 2CrðVIÞ þ 2OH ð5Þ
2OH þ 2Hþ ! 2H2O ð6Þ
or CrðVIÞ þ CrðIVÞ
!Fast 2CrðVÞ ð7Þ
2H2In
þ þ CrðVÞ þH2O !Fast 2H2InOþ CrðIIIÞ þ 2Hþ ð8Þ
2½CrðOHÞ63 þ 3H2O2 ! 2CrO24 þ 2OH þ 8H2O ð9Þ
The rate enhancing effect of chromium can be explained by
the formation of much faster reacting stable intermediate
complex (CB+–Cr(VI)–H2O2) than H2O2, or a stable ion-
associate complex formation such as CB+–Cr(VI)–
Bipyr–CPC–H2O2 based on activation and micellar effect in
the presence of Bipyr and CPC, respectively. The Cr(V) pro-
duced after catalytic oxidation reaction reacts with the excess
H2O2. So the catalytic cycle is completed. In general, it can be
assumed that the second- and third-reactions proceed more
quickly and much more quickly than the ﬁrst one, respec-
tively. The reduced Cr(IV) or Cr(V) is oxidized to Cr(VI) by
H2O2, and then the Cr(VI) is allowed to react with CB
+
again. Probably for this reason, a large excess of H2O2 with
respect to the reagent (2667 fold) is needed. The oxidation
product was not identiﬁed with any spectroscopic detection
method. However, CB+ could be oxidized by a one-electron
mechanism to produce a resonance-stabilized product like
Cr(V)–peroxo complex, and a quinonoid species seems
probable.3.2. Optimization of analytical variables
Ideally, for kinetic measurements, except the analyte, it should
be in a way that the concentration of each component will give
the smallest RSD and the reaction rate will be zero-order
according to its optimized species. The conditions that the
small ﬂuctuations in concentration did not have any effect
on the initial rate, are requested. These conditions should also
be chosen in a way of that the initial rate will be pseudo-ﬁrst
order according to the analyte (that is D(DA): k0s[Cr(VI)]). In
this context, kinetic optimization data and calibration curves
were repeated at least three times.
3.2.1. The effect of pH on sensitivity
In order to investigate the effect of pH on sensitivity, prelimin-
ary experiments were conducted by using two different univer-
sal pH buffer systems in a wide pH range. The ﬁrst buffer
system, which is known as a Britton–Robinson buffer consists
of a mixture of 0.04 M H3BO3, 0.04 M H3PO4 and 0.04 M
CH3COOH that has been adjusted to the desired pH with
0.2 M NaOH in the range of 2–12, and the second buffer sys-
tem consists of 0.0286 M citric acid, 0.0286 M KH2PO4 and
0.0286 M H3BO3 that has been adjusted to the desired pH with
0.2 M NaOH in the range of 2.5–9.2. It has been observed that
the best sensitivity is obtained at a pH range near to neutral in
the range of pH 4.0–7.5 while other analytical variables held
constant at 20 C under optimized conditions. In order to en-
hance the selectivity and sensitivity of the buffer, the binary
buffer systems such as H3BO3–citric acid, NH3/NH4Cl, so-
dium tetraborate–HCl and HMTA–HCl were also used, and
among these buffer systems HMTA–HCl (pH 6.50) was cho-
sen as the best suitable buffer system due to the maximum sig-
nal. For catalytic kinetic determination of Cr(VI) pH was
changed from 4.0 to 7.5 with an increase of 0.5 pH unit. The
highest absorbance value was obtained at pH 6.5. At pH val-
ues lower and higher than 6.50 the sensitivity decreased with
an increasing slope. The slow rate at lower pH range may be
attributed to the existence of protonated forms of indicator
and catalytically active chromium species such as
H2CrO4;HCrO

4 , which are comparatively less reactive. An-
other reason may be chromate–bichromate conversion as a re-
sult of pH dependence in equilibrium. The slow rate at pHs
higher than 6.50 may be attributed to the existence of proton-
ated forms of indicator and catalytically active chromium spe-
cies such as HCr2O

7 ;Cr2O
2
7 ;H2CrO4;HCrO

4 , which are
comparatively less reactive. At pHs higher than 6.50, Cr(III)
ions taking place in the catalytic cycle may be their precipita-
tion as Cr(OH)3 and the catalytic activity is lost as a result of
conversion to a series of consecutive anionic hydroxy complex
formation reactions with increasing pH. Therefore, a pH of
6.50 was chosen as the optimum value for further studies. Also
in the range of 0.05–0.04 M, effect of buffer concentration on
the analytical signal was investigated and the maximum signal
was obtained in a buffer concentration of 0.02 M (Fig. 2).
3.2.2. The effect of indicator concentration on sensitivity
The effect of CB+ concentration on the sensitivity was inves-
tigated in the range of (1.0–8.0)·105 M under optimized con-
ditions. The results show that a high sensitivity was obtained
when the concentration of CB+ is lower than 3.0 · 105 M,
but the linear detection range of Cr(VI) as a catalyst is narrow.
pH 6.5 HMTA buffer concentration,  M
0.00 0.01 0.02 0.03 0.04 0.05
Δ(
ΔA
)
0.06
0.07
0.08
0.09
0.10
0.11
0.12
Figure 2 The effect of pH 6.5 HMTA buffer concentration on
sensitivity.
Celestine blue concentration, x10-3 M
0.00 0.02 0.04 0.06 0.08 0.10
Δ(
ΔA
)
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0.09
0.10
0.11
0.12
Figure 3 The effect of Celestine blue concentration on
sensitivity.
H2O2 concentration, M
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Figure 4 The effect of H2O2 concentration on sensitivity.
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Figure 5a The effect of activator type at isomolar concentrations
on sensitivity.
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great analytical signal error has easily been caused and the
repeatability has been bad. In order to guarantee high sensitiv-
ity and proper linear detection range, an indicator concentra-
tion of 3.0 · 105 M was considered as an optimal value for
further studies (Fig. 3).
3.2.3. The effect of H2O2 concentration on sensitivity
Effect of H2O2 concentration on analytical sensitivity was
examined in the range of 0.02–0.16 M under optimized condi-
tions. The results showed that the analytical signal, D(DA) in-
creased with the increase in the concentration of H2O2 up to
0.08 M in the beginning and then quickly reduced. When the
concentration of H2O2 is 0.08 M, a maximum sensitivity,
D(DA) has been obtained as a measure of difference between
the catalyzed- and uncatalyzed reaction rates. Therefore, a
H2O2 concentration of 0.08 M was considered as the optimal
value for further studies (Fig. 4).
3.2.4. The effect of activator concentration on sensitivity
Although catalytic reactions offer good sensitivity, addition of
suitable complexing agents (activators) permits the improve-ment in their sensitivity and selectivity. Several attempts have
been made to enhance the detection limit of Cr(VI) by using
activator ligands such as boric acid (BA), salicylic acid (SA),
sulfosalicylic acid (SSA), 1,10-phenanthroline (Phen), pyridine
(Pyr) as well as (Bipyr) at equimolar concentrations of
6.4 · 103 M. Bipyr showed the highest activation effect fol-
lowed by SSA, Pyr, BA, SA and Phen. So, bipyr acting as a
basic ligand with two dentates of pKb: 4.45 (pHbuffered media:
6.50 < pKa: 9.55) was considered the best suitable activator
for indicator system (Fig. 5(a)). The role of the activator on
the catalytic reaction is the acceleration of the reaction
through facilitation of the charge transfer from the catalyst
(usually metal ion) to the dye, also the redox potential of some
metal cations with multiple oxidation steps such as chromium,
iron vanadium and copper, changed via the formation of such
complexes with activators, which is reﬂected on the increasing
of the reaction rate. It was observed that the conditional redox
potential of redox systems such as Fe(III)/Fe(II) redox couple
increases in the presence of activators, because of the differ-
ence in the stability constants of Fe(II) and Fe(III) with similar
Cationic surfactant concentration. %(w/v) 
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Δ(
ΔA
)
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
CPC
HDTAB
CTAB
Figure 6a The effect of cationic surfactant concentration on
sensitivity.
Anionic and nonionic surfactant concentration. %(v/v)
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Δ(
ΔA
)
0.02
0.04
0.06
0.08
0.10
0.12
SDS
Tween 80
Triton X-100
Triton X-114
Figure 6b The effect of anionic or nonionic surfactant concen-
tration on sensitivity.
Simultaneous determination of dissolved inorganic chromium species S455ligands, (the formation constant, log b3, of the Fe(III) with
Phen is 14.1, Bipyr is 17.6, Oxalate is 18.46 and TEA is 41.2)
(Sillen, 1964). Then, the effect of bipyr concentration as activa-
tor to analytical sensitivity was examined in the range of
6.4 · 105–6.4 · 104 M under optimized conditions. The rate
of the catalyzed reaction increased with increasing bipyr con-
centration up to a deﬁnite concentration of 3.84 · 104 M
and then decreased gradually at the higher concentration
range. Therefore, a bipyr concentration of 3.84 · 104 M was
chosen as the optimal value for further studies (Fig. 5b. Such
dependence is a characteristic feature for the types of activated
reactions when the activator is concerned with the formation
of ternary complexes of the activator–metal substrate (Bont-
chev, 1972). The coordination sphere of the catalyst is fully
occupied by the activator and any complexation with substrate
does not occur at higher concentrations of activator.
3.2.5. The effect of surfactant type and concentration
It is known for a long time that micellar media changed the
reaction rate (Bunton et al., 1991). The fact that micelles are
able to accelerate the reactions, has kindled increasing interest
in the last few years in order to improve the analytical proper-
ties of both the catalytic- (Sicilia et al., 1992) and non-cata-
lytic-kinetic methods (Athanasiou-Malaki and Koupparis,
1989; Sicilia et al., 1993) such as sensitivity and selectivity. Fur-
ther to improve analytical sensitivity and selectivity different
surfactants with dilute cationic (CPC, CTAB and HDTAB),
anionic (SDS) and nonionic (Tween 80, Triton X-100 and Tri-
ton X-114) character having the catalysis properties in a con-
centration range of 0.01–0.07% (w/v or v/v) in the
premicellar region were investigated in Figs. 6a and 6b), and
premicellar catalysis was observed to change in the sequence
of the CPC, CTAB, HDTAB, Triton X-100, Triton X-114,
Tween 80 and SDS. In the presence of SDS only, a red shift
of 6 nm in the visible region was observed in the measurement
wavelength of indicator systems. From the results, it is clear
that the best suitable surfactant due to give a maximum sensi-
tivity of 0.226 for a concentration of 0.015% (w/v), is cationic
surfactant, CPC for indicator system. At lower and higher con-
centrations than 0.015% (w/v), a signiﬁcant decrease in analyt-
ical sensitivity was observed in which other variables are held
constant throughout. Therefore, a CPC concentration of2.2'-Bipyridyl concentration. x10-3 M
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Δ(
ΔA
)
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Figure 5b The effect of 2,20-bipyridyl concentration on
sensitivity.0.015% (w/v) was preferred as optimum surfactant type and
concentration for further studies.
3.2.6. The effect of ionic strength on sensitivity
Under optimal conditions selected, the effect of ionic strength
to the sensitivity, D(DA) was examined in the concentration
range of 0.005–0.2 M NaNO3 under optimized conditions. Re-
sults showed that the sensitivity has changed very little with
increasing concentration up to 0.05 M, after this concentration
exhibited a negative change with increasing inclination. This
case predicated that the catalyzed-reaction would give the right
response for catalyst in real life samples with a low matrix. It
can be expressed that inert salt effect should be checked at ma-
trix systems with the high salt content such as sea water.
3.2.7. The effect of temperature and time on sensitivity
The effect of reaction temperature on sensitivity, D(DA) was
examined in the range of 20–55 C under optimized conditions.
Results show that the reaction rate increases with temperature
rising to 40 C. The analytical sensitivity remains constant at
temperatures higher than 40 C and no longer changes. This
situation is a clear indication of the fact that catalyzed-reaction
Table 1 The accuracy and precision of the kinetic method based on catalytic effect of Cr(VI).
Added Cr(VI), lg L1 *Found Cr(VI), lg L1 aREs% aRSDs% Recovery%
10 9.90 ± 0.35 1.0 3.5 99.0
25 24.85 ± 0.32 0.6 1.3 99.4
75 74.65 ± 0.30 0.5 0.4 99.5
150 149.70 ± 0.26 0.2 0.2 99.8
* The average values plus their standard deviation of ﬁve replicate measurements at 95% conﬁdence level.
a The relative errors and relative standard deviations of ﬁve replicate measurements of each concentration level by means of the kinetic
method.
Table 2 Tolerance levels of interfering ions in the determination of 5 lg L1 Cr(VI).a
Foreign species Tolerance ratio, [Cinterfering ion/CCr(VI)]
Bicarbonate, acetate, citrate, oxalate, tartrate, salicylic acid, sulphosalicylic acid, borate,
NO3 ;F
;Cl; SO24 ;S2O
2
3 ;Na
þ;Kþ;NHþ4 ;CaðIIÞ;MgðIIÞ and Sr(II)
750–1500
EDTA, CyDTA, Ba(II), Al(III), Zn(II)b, Fe(III)b, As(III), As(V) and Sn(IV) 350–750
I;Br; SCN;HSO3 ;BeðIIÞ;SrðIIÞ and Zn(II) 250–400
NO2
c, S2O
2
3 ;Ag
þ;Hg2þ2 ;BaðIIÞ;CdðIIÞb, Cu(II)b, Hg(II), Ni(II), Pb(II)b, La(III) and Zr(IV) 125–350
Co(II)b, Mn(II)b, Pd(II), V(IV) and W(VI) 50–125
Ag+, Fe(II), Fe(III), V(V), Mo(VI) c and W(VI)c 15–45
NO2 ; SnðIIÞ;WðVIÞ;MoðVIÞ and Mn(VII) 1–10
a Reaction conditions are as given in the proposed kinetic procedure without masking in the presence of masking mixture containing DTPA,
TEA and CaCl2.
b After removal of especially Cr(III) ion as well as Cu(II), Zn(II), Cd(II), Pb(II), Co(II), Mn(II), Fe(II) and Fe(III) in the presence of masking
mixture containing DTPA, TEA and CaCl2.
c After addition of 2 mL of 0.01 M urea solution or 0.012 M citric acid solution into the reaction media.
Table 3 Recovery studies for speciative determination of total Cr, Cr(VI) and Cr(III) in binary mixtures.
Cr(III)/Cr(VI) ratio Cr(III) Cr(VI)
Added, lg L1 Found, lg L1 *Total Cr, lg L1 Recovery% Added, lg L1 *Found, lg L1 Recovery%
0.25 20 19.8 100.3 ± 3.6 99.0 80 80.5 ± 3.0 100.6
0.50 30 29.8 89.3 ± 3.4 99.3 60 59.5 ± 2.3 99.2
0.50 20 19.8 59.5 ± 2.3 99.0 40 39.7 ± 1.3 99.3
2.00 40 39.7 59.5 ± 2.4 99.3 20 19.8 ± 0.6 99.0
2.00 80 80.5 120.2 ± 3.8 100.6 40 39.7 ± 1.3 99.3
2.00 60 60.3 90.0 ± 3.4 100.5 30 29.7 ± 1.0 99.0
3.00 60 59.8 79.6 ± 3.0 99.7 20 19.8 ± 0.7 99.0
4.00 80 79.8 99.6 ± 3.51 99.8 20 19.8 ± 0.7 99.0
* The average values plus their standard deviation of six replicate measurements at 95% conﬁdence level.
S456 R. Gu¨rkan et al.completed and reached the thermal equilibrium. Although this
temperature gives maximum sensitivity, due to ease of work
and better signal reproducibility for different catalyst concen-
trations it has been decided that a temperature of 20 C is suf-
ﬁcient for the catalytic reaction.
The time to measure changes in absorbance was also opti-
mized. The effect of time on the catalyzed- and uncatalyzed-
reaction rates was examined in a time interval of 0.5–12 min
under optimized conditions without adding an inert salt like
KNO3 to the reaction media. It was found that the analytical
sensitivity, D(DA): DAS  DA0 occurred and completed within
the ﬁrst 5–6 min after the initiation of the catalytic reaction.
The best correlation coefﬁcient between sensitivity and the cat-
alyst concentration was obtained for a ﬁxed-time of 5 min. For
this reason, the ﬁxed time measurement of 5-min was adopted
as the most suitable reaction time.3.3. Calibration curve, detection limit and precision
Different Cr(VI) standard calibration solutions were sampled
to measure absorbance change, D(DA) (that is, DAS or DAb)
of catalyzed- and uncatalyzed-systems under optimized condi-
tions: [H2O2]: 0.8 mL of 1.0 M, [CB
+]: 0.3 mL of
1.0 · 103 M, [Bipyr]: 0.6 mL of 6.4 · 103 M, [CPC]:
0.15 mL of 1.0% (w/v) at 20 C and pH 6.50 in a ﬁnal volume
of 10 mL for a ﬁxed-time of 5 min at 645 nm. The results
showed that D(DA) versus concentration of chromate ion,
Cr(VI) in the range of 5–200 lg L1 obeyed a good linear rela-
tion. The regression equation was D(DA): 0.0045[Cr(VI),
lg L1]  0.062 with a good correlation coefﬁcient of 0.9954.
The limits of detection and quantiﬁcation of the developed ki-
netic method, LOD and LOQ respectively, were 0.65 and
T
a
b
le
4
T
h
e
a
n
a
ly
si
s
a
n
d
re
co
v
er
y
re
su
lt
s
fo
r
ﬁ
v
e
re
p
li
ca
te
m
ea
su
re
m
en
ts
o
f
d
is
so
lv
ed
ch
ro
m
iu
m
sp
ec
ie
s
in
ce
rt
iﬁ
ed
w
a
te
r
sa
m
p
le
s.
C
er
ti
ﬁ
ed
w
a
te
r
sa
m
p
le
s
a
T
h
e
ex
p
er
im
en
ta
l
o
n
e
si
d
ed
t-
v
a
lu
e
a
cc
o
rd
in
g
to
S
tu
d
en
t’
s
t-
te
st
C
er
ti
ﬁ
ed
v
a
lu
e
(l
g
L

1
)a
A
d
d
ed
(l
g
L

1
)
F
o
u
n
d
*
(l
g
L

1
)
R
ec
o
v
er
y
%
C
r(
II
I)
C
r(
V
I)
C
r(
II
I)
C
r(
V
I)
T
o
ta
l
C
rc
C
r(
V
I)
b
C
r(
II
I)
C
r(
II
I)
C
r(
V
I)
E
R
M
-C
A
0
1
0
a
h
a
rd
d
ri
n
k
in
g
w
a
te
r–
m
et
a
ls
0
.2
9
8
4
8
.0
0
–
–
–
4
7
.6
0
±
3
.0
–
4
7
.6
0
–
–
1
0
5
7
.7
0
±
3
.1
–
1
0
.1
1
0
1
–
2
5
7
2
.8
5
±
3
.3
–
2
5
.2
5
1
0
1
–
5
0
9
7
.8
5
±
3
.4
–
5
0
.2
5
1
0
0
.5
–
N
IS
T
-1
6
4
3
e
S
im
u
la
te
d
fr
es
h
w
a
te
r–
tr
a
ce
el
em
en
ts
1
.2
6
2
0
.4
0
–
–
–
1
9
.9
5
±
0
.8
–
1
9
.9
5
–
–
1
0
2
9
.9
0
±
1
.1
–
9
.9
5
9
9
.5
–
2
5
4
4
.8
5
±
1
.5
–
2
4
.9
0
9
9
.6
–
5
0
7
0
.3
0
±
2
.2
–
5
0
.3
5
1
0
0
.7
–
B
C
R
5
4
4
ly
o
p
h
il
iz
ed
w
a
te
r
0
.5
5
9
,
0
.4
8
9
2
6
.8
0
2
2
.8
0
–
–
5
0
.3
0
±
2
.8
2
3
.1
5
±
1
.6
2
7
.1
5
–
–
1
0
3
0
9
0
.3
2
±
3
.1
5
3
.2
0
±
2
.4
3
7
.1
2
9
9
.7
1
0
0
.2
2
0
2
0
9
0
.3
5
±
3
.2
4
3
.0
5
±
2
.2
4
7
.3
0
1
0
0
.8
9
9
.5
3
0
1
0
9
0
.2
5
±
3
.1
3
3
.1
5
±
1
.8
5
7
.1
0
9
9
.8
1
0
0
.0
a
T
h
e
cr
it
ic
a
l
t-
v
a
lu
e
a
t
9
5
%
co
n
ﬁ
d
en
ce
le
v
el
a
n
d
d
eg
re
es
o
f
fr
ee
d
o
m
o
f
4
is
2
.7
8
.
b
T
h
e
a
m
o
u
n
t
o
f
C
r(
V
I)
d
ir
ec
tl
y
fo
u
n
d
b
y
th
e
p
re
se
n
t
k
in
et
ic
m
et
h
o
d
b
ef
o
re
o
x
id
a
ti
o
n
w
it
h
H
2
O
2
in
a
lk
a
li
n
e
m
ed
ia
.
c
T
h
e
a
m
o
u
n
t
o
f
to
ta
l
C
r
fo
u
n
d
a
ft
er
o
x
id
a
ti
o
n
w
it
h
H
2
O
2
in
a
lk
a
li
n
e
m
ed
ia
.
*
T
h
e
a
v
er
a
g
e
v
a
lu
es
p
lu
s
th
ei
r
st
a
n
d
a
rd
d
ev
ia
ti
o
n
o
f
ﬁ
v
e
re
p
li
ca
te
m
ea
su
re
m
en
ts
a
t
9
5
%
co
n
ﬁ
d
en
ce
le
v
el
.
Simultaneous determination of dissolved inorganic chromium species S4572.28 lg L1 Cr(VI), which were obtained by dividing the slope
of calibration curve with 3.3 and 10 multiples of standard
deviation of ten replicate measurements for a blank solution
without catalyst. The surfactant medium allowed the determi-
nation of Cr(VI) in a working range of 40-fold with a detec-
tion limit, which is about 5 times lower than those of the
methods implemented in aqueous media. The recoveries and
RSDs of the method were found to change in the range of
99.0–99.8% and 0.2–3.5% for determinations of 10, 25, 75
and 150 lg L1, respectively (n: 5) (Table 1). It can be con-
cluded that the results are quantitative and highly reproduc-
ible from the analytical point of view.
3.4. Interference studies
In order to determine the selectivity of the method, the effect
of different anionic and cationic interfering species to the cat-
alytic reaction rate was studied by using a ﬁxed chromium
concentration of 5 lg L1 (Table 2). Results showed that
when determining 5 lg L1 of chromium by the method in a
ﬁnal volume of 10 mL under optimized conditions and the rel-
ative error is below ± 5%, the following concurrent ions had
no interference on kinetic measurements. The allowable
amounts of Cr3+, Fe3+ and Al3+ ions as interfering species
were lower than the other investigated interfering species. Spe-
cial attention was paid to the interference of Cr(III) on the
Cr(VI) kinetic signal. On the basis of literature data an in-
crease in the temperature of the kinetic measurements led to
an improvement of the selectivity against Cr(III) and obtain
reproducible and stable analytical signals so interfering re-
moval studies for Cr(III) were carried out at 40 C prior to
its detection. As reported elsewhere (He and Wang 1999), at
this temperature the time for conversion of the active proton-
ated complex Cr(III)–H2DTPA from the Cr(III) present in the
sample to the most stable inert deprotonated form, Cr(III)–
DTPA, was shortened from 30 to approximately 10 min as a
result of accelerating stepwise complex formation with an in-
crease in temperature. After removal of Cr3+ ions with mask-
ing agent, the effect of this interfering ion as well as Zn2+,
Cu2+, Cd2+, Pb2+, Fe2+ and Fe3+ could be suppressed with
the tolerance levels changing from 125 to 350 with increments
of 5 C in the range of 20–40 C. Also, the interfering effect of
Cr(III) including interfering cations showing catalytic effect in
the indicator reaction could efﬁciently be eliminated by using
a cation-exchange resin such as Amberlite IR-120 plus. The
usage of a masking agent such as NH4F for Al
3+ and Fe3+
ions interfering in the present method as well as using NH3
and (NH4)2CO3 solutions for suppressing the effect of foreign
ions and improving the selectivity can be advised. However,
the tolerance ratio for Fe3+ ion could be increased 35 times
when 2 mL of 0.25 M NH4F solution is also added when nec-
essary in addition to removal of the interference of Fe3+ ions
as the insoluble compounds of iron hydroxide with aqueous
NH3 solution. The major interferents were some strong oxi-
dants such as BrO3 ; IO

3 ;MnO

4 and NO

2 , which oxidize
the indicator to degradation products. The interfering effects
of NO2 , W(VI) and Mo(VI) were successfully removed in
the presence of 2 mL of 0.01 M urea or 2 mL of 0.012 M citric
acid, respectively. The interfering effect of MnO4 could be re-
moved by dropwise addition of dilute sodium nitrite and urea
solution into the sample solutions (Liu et al., 1999). By drop
Table 5 Speciative determination of total Cr and dissolved inorganic chromium species (Cr(VI), Cr(III)) in some environmental water
samples.
Water sample The amount of standard spiked into 100 mL of sample (lg L1) Found by using kinetic method (lg L1)* Recovery%
Cr(III) Cr(VI) Total Cr Cr(III) Cr(VI) Cr(III) Cr(VI)
Tap water – – 22 ± 0.7 13.35 8.65 ± 0.4 – –
20 10 52.05 ± 2.5 33.45 18.60 ± 0.7 100.5 99.5
10 20 52.25 ± 2.6 23.45 28.80 ± 1.0 101.0 100.8
Drinking water – – 1.28 ± 0.07 – 1.25 ± 0.08a – –
20 5 26.50 ± 0.9 20.30 6.20 ± 0.3 101.5 99.0
10 10 21.3 ± 0.8 9.95 11.35 ± 0.5 99.5 101.0
5 20 26.34 ± 0.8 5.09 21.25 ± 0.6 101.8 100.0
Hot-spring water – – 15.2 ± 0.5 6.75 8.45 ± 0.3 – –
20 10 45.30 ± 1.2 26.75 18.55 ± 0.6 100.0 101.0
10 20 45.48 ± 1.3 16.43 28.85 ± 0.8 98.8 102.0
Cold-spring water – – 17.05 ± 0.6 5.70 11.35 ± 0.4 – –
15 25 57.25 ± 2.1 20.55 36.70 ± 1.2 99.0 101.4
25 15 57.35 ± 2.2 30.50 26.75 ± 0.8 99.2 102.7
Lake water – – 43.00 ± 1.2 17.35 25.65 ± 0.31 – –
10 30 83.55 ± 3.1 27.45 56.10 ± 0.28 101.0 101.5
30 10 83.25 ± 3.0 47.55 35.70 ± 0.30 100.7 100.5
Industrial eﬄuent – – 15.85 ± 0.33 13.20 2.65 ± 0.12a – –
10 30 55.90 ± 2.0 27.45 32.72 ± 1.0 101.0 101.5
30 10 56.15 ± 2.0 43.45 12.70 ± 0.4 100.8 100.5
a The results found by means of spiked calibration curve method around detection limit (n: 10).
* The average values plus their standard deviation of ﬁve replicate measurements at 95% conﬁdence level.
S458 R. Gu¨rkan et al.decolorizing the pink solution, Mn2+ and NO3 are produced,
which could be tolerated up to very high concentrations. The
excess amount of NO2 was ﬁnally decomposed by urea:
MnO4 þ 5NO2 þ 6Hþ ! 5Mn2þ þ 5NO3 þ 3H2O ð1Þ
2NO2 þ 2Hþ þ COðNH2Þ2 ! CO2 þ 3H2Oþ 2N2 ð2Þ
Additionally, the interfering effect of Br and SCN ions
could also be controlled and improved in the range of 250–
400 by precipitating as insoluble silver salts and removing from
reaction media via ﬁltration.
3.5. Analytical applications
3.5.1. Recovery of Cr(VI) and Cr(III) in binary mixtures
The present method was applied to the analysis of binary mix-
tures containing Cr(VI) and Cr(III) ions at different molar ra-
tios in order to check the accuracy of the method under the
selected experimental conditions. Table 3 shows the analysis
results obtained for each molar concentration ratio. The recov-
eries for both species, Cr(VI) and Cr(III) were in the range of
99.0–100.6%, indicating that the accuracy can be acceptable in
all situations considered.
3.5.2. The applicability of the method to the analyses of
environmental water samples and certiﬁed water samples
Industrial efﬂuent, tap, drinking, lake, hot- and cold-spring
water samples used for the development of the method were
collected in polytetraﬂuoroethylene containers, ﬁltered using
a 0.45 lm pore size membrane ﬁlter to remove suspended par-
ticulate matter, and stored in the dark at 4 C. Tap and drink-
ing water samples were obtained from the analytical researchlaboratory. Hot- and cold-spring water samples were collected
from the pools used for health purposes, which are 10 and
35 km away in the center of Sivas (Turkey), respectively. Lake
water was taken from the surface of Haﬁk Lake, Sivas (Tur-
key). Industrial waste water sample was also taken from the
sewage system of the industrial zone in Sivas (Turkey). The
measurements also were done according to total and inorganic
chromium contents of certiﬁed water samples. Validation of
the method was performed using certiﬁed water samples such
as ERM-CA010a, NIST-1643e and BCR 544, which are com-
mercially marketed. The results obtained by analysis of certi-
ﬁed water samples spiked and unspiked are given in Table 4.
The agreement between the measured and certiﬁed values of
the chromium species demonstrated that the method was
quantitatively accurate for trace analysis of such species in
the complex matrices. Any signiﬁcant difference between the
measured values and certiﬁed values was not statistically ob-
served for ﬁve replicate measurements at 95% conﬁdence level.
The method was then applied to the speciative determination
of Cr(III) and Cr(VI) in waste water and natural water samples
including tap water, drinking water, lake water, hot- and cold-
spring waters. In the treatment with the certiﬁed reference
materials and natural water samples, at the ﬁrst step, aliquots
of the water samples (1 L) were initially treated with 5 mL of
65% (w/w) HNO3 and boiled for approximately 30 min to re-
move chromium binding organic substances such as humic and
fulvic acid and convert the Fe(II) content to Fe(III). The pH of
the residual was then adjusted to 9.0 with ammonia and
warmed again for 30 min to precipitate Fe(III) and Cr(III)
contents as Fe(OH)3 and Cr(OH)3 and remove by ﬁltration.
After ﬁltration of the water samples and adjusting the volume
to the initial value by distilled water, the Cr(VI) content was
Simultaneous determination of dissolved inorganic chromium species S459determined according to the proposed procedure. For determi-
nation of the total chromium content, 2 mL of 30% (w/w)
H2O2 was added to the samples before adjusting the pH to
9.0. The process was then continued according to the above
discussion. In such conditions, the total Cr contents were
determined by using masking agents to remove the possible
interfering ions when necessary. The Cr(III) content was ob-
tained by subtracting Cr(VI) from the total Cr content. The re-
sults are shown in Table 5. As it can be seen in Table 5, the
recoveries obtained for the spiked amounts are in the range
of 99.0–101.6% for Cr(III) and 99.0–101.5% for Cr(VI). This
observation conﬁrms the analytical applicability of the meth-
od, and indicates that it is free from interference when applied
to the analysis of natural water samples.
4. Conclusions
An attempt was made in the present study to develop analyti-
cal applications of CB+. In this study, the determination of
Cr(VI) with CB+ in the presence of bipyr and CPC at pH
6.50 enables the speciation of chromium without a prior to
the separation step, since the reaction is selective and sensitive
to Cr(VI) in the presence of Cr(III). The method was success-
fully validated using certiﬁed reference materials, CRMs and
applied to the determination of chromium species in natural
water samples. The results obtained from real samples were
highly quantitative in terms of recoveries of spiked samples.
In comparison with the high cost techniques requiring hard
conditions and expertise in his/her ﬁeld, it has advantages in
aspects of (i) high selectivity (selective determination of Cr(VI)
without the separation of Cr(III), (ii) a short reaction time
(5 min), (iii) obtaining of accurate, stable and reproducible
analytical signals in premicellar media, (ıv) a simple instrument
(available in almost every analytical research laboratory) and
simple procedures except for preoxidation and interference re-
moval. The method proposed, which has been successfully ap-
plied to the simultaneous determination of dissolved Cr(III),
Cr(VI) and total Cr in natural waters, has great value in envi-
ronmental analysis and monitoring.Acknowledgements
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